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ABSTRACT
Gene delivery within hydrogel matrices can potentially direct mesenchymal stem cells
(MSCs) towards a chondrogenic fate to promote regeneration of cartilage. Here, we
investigated whether the mechanical properties of the hydrogel containing the gene
delivery systems could enhance transfection and chondrogenic programming of primary
human bone marrow-derived MSCs. We developed collagen-I-alginate interpenetrating
polymer network hydrogels with tunable stiffness and adhesion properties. The
hydrogels were activated with nanocomplexed SOX9 polynucleotides to direct
chondrogenic differentiation of MSCs. MSCs transfected within the hydrogels showed
higher expression of chondrogenic markers compared to MSCs transfected in 2D prior
to encapsulation. The nanocomplex uptake and resulting expression of transfected
SOX9 were jointly enhanced by increased stiffness and cell-adhesion ligand density in
the hydrogels. Further, transfection of SOX9 effectively induced MSCs chondrogenesis
and reduced markers of hypertrophy compared to control matrices. These findings
highlight the importance of matrix stiffness and adhesion as design parameters in geneactivated matrices for regenerative medicine.
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1. Introduction
Directing differentiation of stem cells is a promising approach in regenerative
medicine,(Merrell and Stanger 2016; Jopling, Boue, and Belmonte 2011) in order to
generate specified cells to restore missing, damaged, or diseased tissue.(Murry and
Keller 2008; Yamamizu et al. 2013) Several autologous and allogeneic stem cell
products are available (i. e. Holoclar, Tigenix,, Temcell, Allocord) but existing therapies
on the market mainly utilize growth factors delivered from polymer matrices to promote
differentiation of tissue-resident stem cells.(Yannas et al. 1989; Lo et al. 2012)
Limitations of these devices include the necessity of using high doses of growth factors
together with a poor control over their release kinetics, which potentially can lead to side
effects and complications.(Kang, Hsu, and Lehman 2017; Epstein 2013; DeVine et al.
2012) Gene therapy approaches based on viral vectors have been recently
commercialized and could address problems of protein stability and dosing, but they
pose concerns in terms of immunogenicity and integration-mediated genotoxicity.(D.
Wang, Tai, and Gao 2019)
Hydrogels may aid in overcoming the limitations of protein-based regenerative strategies
and viral vector approaches by delivering polynucleotides in a tissue-conductive threedimensional (3D) environment, while inducing prolonged expression of growth factors
and transcription factors that regulate tissue development.(Im, Kim, and Lee 2011;
Raisin, Belamie, and Morille 2016) Known as Gene-Activated Matrices (GAMs), the first
and more studied examples were based on the delivery of plasmid DNA (pDNA) or viral
vectors. Recently, mRNA has been used for GAM activation providing enhanced
transfection efficiency.(Elangovan et al. 2015; Balmayor et al. 2016; Khorsand et al.
2017) In either case, the effects of the hydrogel matrix itself remain to be considered.
Previous studies on gene transfer on two-dimensional (2D) substrates have
demonstrated that both material stiffness(Kong et al. 2005) and adhesion properties,(Y.
A. Wang et al. 2007) as well as the presence of ECM proteins can modulate
transfection.(Dhaliwal et al. 2010; Perlstein et al. 2003) Yet, conclusions obtained from
2D studies do not always translate to 3D systems(Chu and Kong 2012; Shepard et al.
2010; Dhaliwal, Oshita, and Segura 2013; Lei, Padmashali, and Andreadis 2009) due to
the higher complexity of cell transfection within these environments.(Zhang et al. 2012,
2010) Moreover, the mechanical properties of GAMs may modulate the biological effect
of the induced transgene, because cell fate can also be regulated intrinsically by
stiffness, elasticity, and stress-relaxation.(Engler et al. 2006; Guilak, Cohen, and Estes
2009; Chaudhuri, Gu, Darnell, et al. 2015; Huebsch et al. 2010; Vining and Mooney
2017)
Here, we investigated whether imparting specific mechanical properties to a GAM
environment can enhance 3D gene transfer and support chondrogenesis. To this end,
we developed a set of interpenetrating polymer networks (IPNs) of collagen-I and
alginate. With these IPNs, it is possible to independently tune the stiffness of the matrix,
without significantly affecting its architecture, polymer concentration and adhesion
ligand density.(Branco da Cunha et al. 2014) In addition, their composition resembles
that of the native cartilaginous tissue(Nathaniel, Mow, and Foster 1998; Hardin, Cobelli,
and Santambrogio 2015) and they could yield more realistic ECM models compared to
biologically
inert
polymer
hydrogels
that
present
synthetic
adhesion
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ligands.(Balakrishnan and Banerjee 2011; Hinderer, Layland, and Schenke-Layland
2016) We designed GAMs with tunable stiffness and cell-adhesion ligand densities and
studied their capacity to promote the transfection of SOX9, a pivotal transcription factor
in chondrogenesis.(Dy et al. 2012; Bi et al. 1999) IPN stiffness was modulated by
changing the amount of the alginate crosslinking agent (i.e. calcium carbonate
nanoparticles), while adhesion ligand density was tuned by modifying the weight ratio
between alginate (lacking cell adhesion ligands) and collagen (with numerous integrinbinding domains). We characterized the effect of GAM mechanics on SOX9 expression
kinetics and nanocomplex internalization and compared the expression levels of
chondrogenic markers with those obtained after 2D transfection. These results show how
hydrogels can be used to enhance non-viral gene delivery and optimize GAMs for use in
regenerative medicine.

2. Materials and methods
2.1 Cell culture
Human adipose derived Mesenchymal Stem Cells (MSCs) and human bone marrow
derived MSCs were acquired from ATCC and isolated from fresh unprocessed bone
marrow (Lonza), respectively. Briefly, bone marrow samples were diluted in cold PBS
pH 7.2 (Gibco) supplemented with 2% v/v heat inactivated fetal bovine serum (Gibco)
and filtered (pore size 100 µm). Then, the diluted cell suspension was added over
Lymphoprep (Stemcell Technologies) and centrifuged (800xg, 30 min, 20°C) yielding an
interphase of mononuclear cells. CD14 microbeads (Miltenyi Biotech) were used for the
depletion of CD14+ cells by magnetic separation and MSCs were allowed to adhere to
tissue culture flasks. MSCs were cultured in α-MEM (Gibco) supplemented with 10 ng/ml
rhFGF basic (Peprotech), 1% penicillin-streptomycin (Gibco) and 10% (adipose MSCs,)
or 20% (bone marrow MSCs) heat inactivated fetal bovine serum. Cells were detached
from the plates using TrypLE enzyme solution (Gibco) and plated at 5000-7500 cells/cm2.
Media was changed every 2-3 days and cells were split at 70-80% confluency. For
experiments involving ROCK inhibition, Y-27632 was added to cell culture media at
10 µM.
2.2 Plasmid design and mRNA synthesis
SOX9 plasmid was designed to enable optimal mRNA synthesis by in vitro transcription
(IVT) (Fig. S1). To construct the plasmid, the SOX9 CDS, a Kozak consensus sequence
and the 3’ UTR of the α globin gene(Kozak 1987; Holcik and Liebhaber 1997; Warren et
al. 2010) were synthesized and cloned into a pCMVTnT expression vector (Promega,
Madison, WI, USA) by Genewiz (South Plainfield, NJ, USA). The plasmid was sequenceverified (Stab Vida, Caparica, Portugal) and transformed into DH5α E. Coli bacteria for
its propagation. Extraction of the plasmid from the bacterial cultures was performed with
the NucleoSpin Plasmid Kit (Macherey-Nagel, Dueren, Germany) according to the
manufacturer’s instructions. SOX9 plasmid was used as template to synthesize SOX9
mRNA using the mMESSAGE mMACHINE T7 Ultra kit (Ambion, Foster City, CA, USA)
following the manufacturer’s protocol. Briefly, SOX9 plasmid was linearized using BamHI
restriction enzyme (Promega) and 2-7 enzyme units per µg of pDNA. Endonuclease
digestion was confirmed by gel electrophoresis and 1.35 µg of linearized plasmid was
used as template for each 20 µl reaction. mRNA was purified via phenol-chloroform
extraction using Phase Lock 1.5 ml tubes (5 Prime, Hilden, Germany) followed by ethanol
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precipitation and quantification by Nanodrop (Thermo Fisher Scientific, Waltham, MA,
USA).

2.3 Preparation of 3DFectIN complexes
For 3D transfection experiments, 25 µl of transfection complexes were prepared per
150 µl of total IPN mix. Complexes were assembled in OptiMEM (Gibco) at 3:1
3DFectIN:pDNA/mRNA ratio (µl:µg), following the manufacturer’s instructions. Briefly, a
solution containing 1.5 µg of SOX9 pDNA/mRNA was added over a solution containing
4.5 µl of 3DFectIN reagent (OZ Biosciences) in a 1/1 v/v ratio, mixed by pipetting updown and incubated for 20 min at room temperature. To investigate the distribution of
the complexes within the IPNs, SYBRGold-labeled pDNA complexes were prepared. A
pDNA aqueous solution was labeled by mixing with a 50X DMSO solution of SYBR®Gold
Nucleic Acid Gel Stain (Invitrogen) in a ratio 1:1 (µg:µl) and incubated for 5 min at room
temperature before complex formation. Complexes were then encapsulated within the
IPNs and visualized under fluorescence microscopy (EVOS FL Cell Imaging system).
2.4 IPNs preparation
Low viscosity, low MW sodium alginate was purchased from Pronova (UP VLVG). Before
its use, alginate was dialyzed against deionized water for 2 days (3.5 kDa cutoff) and
lyophilized. Dry alginate was then reconstituted at 8.0% w/v in Hank’s Balanced Salt
Solution with HEPES (HBSS, 20 mM HEPES) without calcium and magnesium prior to
IPN formation. Ice-cold bovine collagen type-I (Advanced Biomatrix) was mixed with 1 M
HEPES and 10X HBSS solutions at 1:50 and 1:10 v/v ratios to the amount of collagen
needed, respectively, and pH was adjusted to 7.4 with NaOH 1 M. Calcium carbonate
nanoparticles (nano-PCC, Multifex-MM, Specialty Minerals) were encapsulated within
the IPNs to crosslink the alginate, and Ca2+ release was triggered by a media acidification
induced by the addition of glucono delta-lactone (GDL). Before encapsulation,
nanoparticles were suspended in RNase free water (Invitrogen) at 1% w/v, sonicated for
15 s at 70% amplitude and 4 °C (Branson Sonifier) and maintained under magnetic
stirring to prevent sedimentation. GDL (Merck) was dissolved in HBSS (4% w/v) and
incorporated to the IPN mix at a fourfold molar excess with respect to calcium,
immediately before IPN molding. For transfection experiments, pDNA and mRNA
complexes were prepared as previously described (2.2) and mixed with hMSCs prior to
their encapsulation within the IPNs, yielding the GAMs. hMSCs were suspended at 22.5
x 106 cells/ml in OptiMEM and added to the IPN at a density of 1.5 x 106 cells/ml.
All the different components were blended in 2 ml glass vials placed on an ice bath under
magnetic stirring. HBSS supplemented with 20 mM HEPES was added first to reach the
final volume of IPN mix. This buffer was supplemented with NaOH to yield a 7 mM
concentration of NaOH in the final mix. The ice-cold collagen solution was then included,
and while it was stirring, transfection complexes were mixed with hMSCs by pipetting updown and then added to the collagen solution. Once this mix was homogeneous, calcium
carbonate nanoparticles were incorporated, followed by the addition of alginate. Finally,
the solution of GDL was added and IPNs were casted in 96 or 48 well plates (Thermo
Fisher Scientific). IPNs were then allowed to gel for 30 min at room temperature (alginate
crosslinking) and 30 min at 37 °C (collagen crosslinking). Due to the drop in pH caused
by the hydrolysis of GDL, pH was balanced by the addition of HBSS 20 mM HEPES
during the first 4h after IPN crosslinking. Once pH was stabilized, culture media was
added on top of the IPNs. Culture media was refreshed every 2-3 days.
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2.5 Mechanical Characterization of IPNs
IPN mechanical properties were characterized with an AR-G2 stress controlled
rheometer (TA Instruments). IPNs without cells and gene complexes were prepared as
described above and placed onto the surface plate of the rheometer immediately before
gelation. Right after, a 20 mm 2° aluminum cone was put into contact with the IPN
creating a 20 mm gel disk. To prevent sample dehydration, the exposed gel surfaces
within the rheometer geometry were surrounded with a wet Kimwipe, and 800 µl of HBSS
were carefully added after the first step of IPN gelation. IPNs were allowed to gel at 25 °C
for 30 min (alginate crosslinking) followed by 30 min of collagen crosslinking at 37 °C,
and mechanical properties were measured over time as previously described(Chaudhuri
et al. 2014). The storage modulus at 1% strain and 1 Hz was recorded periodically until
it reached its equilibrium value (30-60 min). Then, a strain sweep (0.1-20% strain) was
performed to confirm this value was within the linear elastic regime, followed by a
frequency sweep (0.1-10 Hz). No pre-stress was applied to the IPNs for these
measurements. For stress-relaxation measurements, strain was raised during 1 s to 15%
and then held constant, while the load was recorded as a function of time. Both the
sweeps and stress-relaxation analysis were performed at 37 °C.
2.6 Cell retrieval for gene expression and flow cytometry analysis
At the desired time points, cells were retrieved from the GAMs before RNA extraction
and fluorocytometric analysis. Media was aspirated and GAMs were washed twice with
PBS (Gibco). GAMs were then removed from the plates with a spatula and placed in 1.5
ml tubes before a two-step enzymatic digestion. Fresh enzyme solutions were prepared
in Ca2+, Mg2+ PBS (Gibco) supplemented with 1% w/v bovine serum albumin (Sigma). In
a first step, 350 µl of a solution containing 34 U/ml alginate lyase (Sigma) and 300 U/ml
collagenase type I (Gibco) were added per 200 µl of GAMs and incubated for 15 min at
37 °C under horizontal shaking (300 rpm, Heidolph Titramax platform shaker). Next,
samples were centrifuged (5 min, 400xg) and the enzyme solution was removed. A
second digestion was performed with 350 µl of a solution containing 300 U/ml
collagenase and GAMs were further incubated for 15 min and centrifuged to discard the
collagenase solution. For RNA extraction, the resulting pellet was mixed with 1 ml of
0.05M ice cold EDTA by pipetting up-down and then centrifuged again. This step was
omitted for flow cytometry samples. Finally, the cell pellet was washed with 1 ml ice cold
PBS and placed on ice until further analysis.
Total RNA was extracted with the SPEEDTOOLS total RNA extraction kit (Biotools)
following the manufacturer’s instructions. RNA concentration was quantified using a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).
2.7 Uptake studies
Uptake of the transfection complexes within the GAMs was evaluated using a Cy5labeled pDNA. For this, pcDNA3.1(+) (Addgene) was labeled with the Cy®5 Label IT®
Tracker™ kit (Mirus) following the manufacturer’s instructions and subsequently loaded
in the transfection complexes. Complexes were then encapsulated within the GAMs
together with MSCs and cultured for different lengths of time, after which cells were
analyzed via flow cytometry and confocal microscopy. For flow cytometry analysis, MSCs
were retrieved from the GAMs as previously described (section 2.5) and analyzed on a
BD FACSCalibur. Cells were gated to eliminate interferences from remaining traces of
polymers (Fig. S2) and the percentage of Cy5+ cells among the gated population was
quantified. To evaluate the uptake via confocal microscopy, GAMs were cultured on
glass coverslips. At the time of analysis, MSCs were fixed in 10% buffered formalin for
20 min at room temperature followed by permeabilization with Triton X-100 (0.2% v/v in
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PBS) for 10 min. Cells were then stained with DAPI (Sigma-Aldrich) and Alexa Fluor™
488 Phalloidin (Thermo Fisher Scientific) and imaged on a Leica TCS SP5 confocal
microscope. Cy5 Raw Fluorescence Intensity (RFI) per cell was quantified using ImageJ
software after selecting the cell contours in the corresponding confocal images.
2.8 cDNA synthesis and qRT-PCR
Reverse transcription was carried out using 100-500 ng of total RNA per sample in a
30 µl final reaction volume. First, total RNA was mixed with random primers and dNTPs
(Invitrogen) and kept at 65 °C for 5 min. Samples were then incubated with a mix of
RNase OUT, 5x first strand buffer and DTT (Invitrogen) for 2 min at 37 °C and
subsequently placed on ice. Finally, reverse transcriptase (M-MLV, Invitrogen) was
included and the cycle was continued as follows: 10 min at 25 °C, 50 min at 37 °C and
15 min at 70 °C. The resulting cDNA (5-10 ng) was used to assemble qRT-PCR reactions
in a final volume of 20 µl containing Universal PCR Mastermix and TaqMan assays
(Applied Biosystems, Table S1). The thermal cycling was done in a StepOne Real Time
PCR System (Applied Biosystems) performing a 10 min hold at 95 °C followed by 40
cycles of 15 sec at 95 °C and 1 min at 60 °C. Gene expression values were normalized
to internal controls (Actin β and GAPDH) and presented either as the log2(ΔCt) or the
fold change relative to cells plated in 2D before the experiments using the comparative
2-∆∆Ct method.(Pfaffl 2001)
2.9 Chondrogenic differentiation
Chondrogenesis experiments were performed with adipose hMSCs below passage 10.
IPNs (200 µl) were casted in 48 well plates and cultured for 21 days in Complete
Chondrogenic Medium (CCM) consisting of DMEM high-glucose 1 mM pyruvate (Gibco),
100 nM dexamethasone (Sigma-Aldrich), 50 μg/ml ascorbic acid 2-phosphate (SigmaAldrich), 40 μg/ml L-proline (Sigma-Aldrich), 1% ITS Premix supplement (Becton
Dickinson), 1% penicillin/streptomycin (Gibco) and 10 ng/ml transforming growth factorβ3 (Peprotech). Media was replaced every 2 days in all experiments. GAMs were
activated with 2 µg of SOX9 mRNA per GAM, and their chondrogenic potential was
compared to non-activated matrices. At the end of the experiments, GAMs were retrieved
for analysis. Gene expression of chondrogenic markers SOX9, aggrecan (ACAN),
collagen type-II (COL2A1) and collagen type-X (COLX) was assessed by qRT-PCR.
SOX9, aggrecan and collagen type-X were also detected by immunohistochemistry
(IHC).

2.10 Immunohistochemistry
GAMs were retrieved from tissue culture plates, washed with PBS twice and fixed with
10% buffered formalin at room temperature for less than 24 h. After fixation, samples
were maintained in 70% ethanol until dehydration and paraffin sectioning. Sections of
4 µm thickness were cut and allowed to adhere to poly-L-lysine treated glass slides
overnight at 55 °C. Before staining, sections were dewaxed in xylene and hydrated with
graded ethanol, and antigens were retrieved in Tris-EDTA buffer during 20 min at 95 °C
(PT Link, Agilent). Samples were pretreated with hydrogen peroxide and blocked with
serum free protein block (Dako; Agilent) before incubation with primary antibodies
against SOX9 (ab5535, Merck), aggrecan (ab3778, Abcam), and collagen type-X
(ab49945, Abcam). Primary antibodies were diluted in antibody diluent (Dako) at 1:500
(SOX9), 1:100 (aggrecan) and 1:1000 (collagen type-X) and incubated overnight at 4 °C.
Then, samples were incubated with goat secondary antibodies labeled with HRP (Dako)
at 1:100 for 1 h and stained with 3,3’-diaminobenzidine (DAB). Negative controls were
7

obtained by omitting the primary antibodies (Fig. S3). All samples were observed using
an Olympus BX43 microscope equipped with an Olympus XC50 camera. Mean
Intensities were quantified with the IHC macro of the Fiji software(Schindelin et al. 2012)
while the percentage of positive cells was calculated by dividing the number of stained
cells by the total number of cells.
2.11 Statistical Analysis
The statistical analysis was performed using GraphPad Prism. Data were analyzed with
either the D’Agostino & Pearson or the Shapiro-Wilk normality tests. Where applicable,
data are reported as the mean ±SD. Data were compared using One-way ANOVA with
Tukey’s post-hoc multiple comparison test and unpaired two-tailed t tests and p-values
less than 0.05 were considered to be statistically significant.
Results
3.1 Characterization of collagen-I-alginate interpenetrating networks (IPNs)
Collagen-I-alginate IPNs with tunable mechanical properties were prepared to
investigate the influence of stiffness and adhesion properties on the transfection
efficiency of gene-activated matrices (GAMs). To determine the effect of each property
independently, we designed a set of IPNs that would allow us to change both variables
separately. Analysis with oscillatory rheology was used to tune IPN stiffness based on
CaCO3 concentration, and four IPNs were fabricated with storage modulus (G’) from 150
to 1500 Pa at a fixed frequency of 1 Hz and 1% strain after 60 min of gelation (Fig. 1A),
S4). A strain sweep was performed to confirm the values were within the linear elastic
regime (Fig. S5). Within this range of stiffness, we modulated cell-adhesion ligand
density by adjusting the collagen:alginate w:w ratio from 1:1 to 1:10. In contrast to
collagen, alginate presents no intrinsic integrin-binding domains for cells and hence,
higher collagen:alginate ratios confer higher adhesion ligand density. Accordingly, the
resulting IPN set can be divided in four groups: IPNs of low stiffness and very high celladhesion ligand density (Soft 1:1), IPNs of low stiffness and high adhesion ligand density
(Soft 1:2), IPNs of high stiffness and high adhesion ligand density (Stiff 1:2) and IPNs of
high stiffness and low adhesion ligand density (Stiff 1:10). The amount and distribution
of collagen fibers across the IPN set was analyzed by confocal reflectance microscopy
(Fig. S6). A significant reduction in collagen fibers was observed for the 1:10 condition,
which is consistent with the lower percentage of collagen present in these IPNs (0.1
versus 0.5 wt% collagen). The two soft IPNs have the same collagen concentration (0.5
wt%) and showed the same fiber intensity. However, soft 1:1 IPNs have less alginate
than soft 1:2 IPN (0.5 versus 1 wt% alginate) and thus a higher collagen-to-alginate ratio.
The paired comparison between the different groups enabled us to explore the effect of
stiffness (Soft 1:2 vs Stiff 1:2) and cell-adhesion ligand density (Soft 1:1 vs Soft 1:2 and
Stiff 1:2 vs Stiff 1:10) on gene transfer efficiency (Fig. 1B).

Frequency dependent storage moduli were characterized over a frequency range of 0.1
to 1 Hz, and indicated that the IPNs exhibited some degree of viscoelasticity, as
previously observed(Branco da Cunha et al. 2014) (Fig. S5). IPN viscoelasticity was
further characterized by stress relaxation behavior, with half-times (τ ½) of 10-300 s
depending on the collagen:alginate ratio (Fig. S7). A stress relaxation half-time of 100 s
is in agreement with previous results for low viscosity, low MW alginate gels, and has
been identified as the optimum τ ½ to allow cell-mediated gel remodeling,(Chaudhuri,
8

Gu, Klumpers, et al. 2015) which is necessary for regeneration of osteochondral tissues
like cartilage.(H. P. Lee et al. 2017)

Figure 1. IPNs show tunable stiffness and cell-adhesion ligands and can be loaded with nanocomplexed
polynucleotide molecules to generate Gene-Activated Matrices (GAMs). (A) Scheme showing the
modulation of IPN mechanical properties through crosslinker concentration and polymer ratio. The IPN is
illustrated as brown collagen fibers and grey alginate polymer chains. The calcium ions crosslinking the Gblocks of the alginate network (zig-zag structures) are shown as red dots. Objects are not drawn to scale.
(B) Storage modulus at 1 Hz and 1% strain after 1 h of IPN crosslinking and detailed composition and
properties of the IPN set. (C) Scheme showing the experimental setups used for the transfection assays.

3.2 Increased stiffness and cell-adhesion ligand density enhance IPN transfection
efficiency
The transcription factor SOX9 has pivotal roles in chondrogenic lineage specification and
has potential for the design of GAMs for cartilage regeneration. To prepare SOX9-GAMs,
IPNs were loaded with nanocomplexed SOX9 sequences within the hydrogel matrix, as
depicted in Fig. 1C, and their transfection efficiency was assessed. In order to determine
the role of cell encapsulation and matrix mechanics on SOX9 expression, we compared
the direct transfection of bone marrow MSCs in GAMs with 1) the encapsulation of MSCs
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in blank IPNs and 2) the transfection of MSCs in 2D and subsequent encapsulation in
blank IPNs.
In a first step, bone marrow MSCs were encapsulated in blank IPNs and SOX9
expression was assessed to discard any potential inherent effect of matrix mechanics on
SOX9 expression that would impact the transfection results (Fig. S8). In a second step,
MSCs were transfected in 2D and then encapsulated within the polymer matrices in order
to evaluate whether this encapsulation was able to alter transgene expression levels. To
this end, SOX9 pDNA transfections were performed with the commercial reagent
Lipofectamine® 2000 and transfected cells were loaded within the IPNs after retrieval
from 2D. qRT-PCR analysis revealed that MSCs encapsulated in the IPNs exhibited a
higher SOX9 expression relative to the cells after 2D transfection, which indicates some
degree of cell transfection occurs within the gels (Fig. 2A), and we hypothesized that
remaining pDNA complexes from 2D transfection were encapsulated along with the cells
in the IPNs. To examine this hypothesis, Lipofectamine® complexes were loaded with
Cy5-labeled pDNA and observed during 2D transfection by fluorescence microscopy,
which showed that pDNA complexes remained adhered to the cells even after retrieval
by enzymatic separation (Fig. S9). This result confirms that residual complexes were
encapsulated within the IPNs together with the cells, and thus 3D transfection was likely
occurring. The same result was not observed when 2D transfections were performed
with mRNA (Fig. S8), most likely due to the lower stability of mRNA sequences, further
confirming that 3D transfection of remaining pDNA complexes was occurring. In these
experiments, IPNs of high stiffness promoted the highest fold increase in SOX9
expression, suggesting that IPN mechanics can modulate transfection (Fig. 2A).
To specifically determine the role of mechanics on 3D transfection, SOX9 pDNA
sequences were first nanocomplexed with 3DFectIN® and subsequently loaded into the
IPNs to prepare SOX9 GAMs. Compared to Lipofectamine® 2000, 3DFectIN® is
optimized for transfection within 3D environments and hence the encapsulation of MSCs
within these GAMs promoted their 3D transfection by overexpression of SOX9. In
agreement with the previous results, qRT-PCR data showed a higher SOX9 expression
in matrices of higher stiffness. Additionally, lower collagen:alginate ratios were
associated with reduced gene transfer efficiency (Fig. 2B). In the case of stiff GAMs,
where the collagen:alginate ratio was modulated from 1:2 to 1:10, this negative impact
was found to correlate to an increased destabilization of the nanocomplexes with lower
collagen:alginate ratios (Fig. S10). For soft GAMs, changing collagen:alginate ratio from
1:1 to 1:2 did not induce nanocomplex aggregation (Fig. S10), but resulted in a dramatic
decrease in SOX9 levels. Soft 1:1 and soft 1:2 IPNs differ in the collagen:alginate ratio
but also in the amount of calcium carbonate particles used in their fabrication. Given that
inorganic calcium-based particles have been used as complexation reagents for
polynucleotides, we performed two control experiments in order to rule out their
contribution to the higher transfection efficiency of 1:1 IPNs. We confirmed that the
excess of calcium ions did not improve lipoplex transfection efficiency of MSCs plated in
2D (Fig. S10). In this regard, it’s worth mentioning that the calcium carbonate particles
are dissolved by glucono delta-lactone during IPN gelation, so one would not expect their
effects would persist during transfection. In order to test the effect of adhesion ligands
on transfection efficiency, transfection in soft 1:1 IPNs (0.5% collagen, 0.5% alginate,
0.3% calcium carbonate) was compared with a plain 0.5% collagen-only gel. The
collagen gel resulted in higher SOX9 expression, which is consistent with higher
transfection in the soft 1:1 IPNs that have a higher amount of collagen relative to alginate.
We suggest increased collagen ligands of collagen-only or soft 1:1 IPNs promote
transfection compared to soft 1:2 IPNs, due to higher availability of adhesive ligands,
rather than the presence of calcium carbonate particles (Fig. S11).
10

Figure 2. Matrix stiffness and adhesion exert a positive effect on bone marrow MSC transfection. (A) SOX9
overexpression 48 h after encapsulation of pDNA-transfected cells within the IPNs. Gene expression levels
were normalized to GAPDH and presented as relative to the levels in 2D transfected cells before
encapsulation. One-way ANOVA with a Tukey’s post-hoc multiple comparison test was performed to
compare SOX9 expression levels to the levels in transfected cells before encapsulation (++P≤0.01,
+++P≤0.001, n=3) and between the IPNs (**P≤0.01, n=3). (B) SOX9 expression 48 h after pDNA transfection
within the Gene-activated Matrices (GAMs). Gene expression levels were normalized to GAPDH expression
and compared to the levels in MSCs before encapsulation. One-way ANOVA with a Tukey’s post-hoc
multiple comparison test was performed to compare gene expression levels between the GAMs (***P≤0.001,
****P≤0.0001, n=3). (C) MSC morphology within the IPN set (F-actin in green, nuclei in blue). Scale bar =
25 µm for all the images. (D) qRT-PCR quantification of Cyclin D1 (CCND1) expression 48h after pDNA 3D
transfection. Gene expression levels were normalized to GAPDH and expressed as log2 (ΔCts). The dotted
line represents log2 (ΔCt) = 1, and is used to highlight the GAMs with higher CCND1 levels. One-way ANOVA
with a Tukey’s post-hoc multiple comparison test was performed to compare gene expression levels between
the GAMs (*P≤0.5, n=2). GAMs are described by their stiffness and collagen:alginate w:w ratios (1:1 to 1:10).

In accordance with previous studies, we observed that soft matrices promoted spread
cell morphologies whereas stiff matrices resulted in rounded cell shapes(Branco da
Cunha et al. 2014) (Fig. 2C). We hypothesized that efficient cell attachment might be
necessary for cytoskeletal organization, which in turn could modify the intracellular
transport of the complexes. Indeed, for both Soft 1:1 and Stiff 1:2 GAMs, transfection
was affected by the state of cell cytoskeleton, as demonstrated by a decrease in SOX9
expression after the addition of the ROCK inhibitor Y-27632 (Fig. S11). Together with
adhesion ligand density, gene transfer efficacy was also increased with stiffness, as
evidenced by the differences between Soft 1:2 and Stiff 1:2 GAMs. Stiffness has been
previously shown to promote transfection efficiency in 2D environments by increasing
11

cell proliferation.(Kong et al. 2005) Although an indirect measure of cell proliferation,
higher transfection efficiencies were associated with upregulation of cyclin D1 (CCND1)
gene expression, which regulates the cell cycle(Shepard et al. 2010; Gojgini, Tokatlian,
and Segura 2011) (Fig. 2D).

Figure 3. IPN stiffness increases the uptake of the pDNA nanocomplexes. (A) Confocal images of bone
marrow MSCs within IPNs showing the localization of the pDNA nancomplexes. Scale bars = 10 µm for all
the images. (B) Quantification of Raw Fluorescence Intensity (RFI) per cell of A) (Unpaired two-tailed t test,
n =3, **P≤0.01). (C) SOX9 expression kinetics after pDNA transfection within stiff and soft GAMs prepared
with a 1:2 collagen:alginate w:w ratio. Gene expression levels were measured by qRT-PCR, normalized to
GAPDH expression and compared to the levels in MSCs before encapsulation. See also Figure S12.

We next hypothesized that changes in transfection efficiency could be related to different
cellular internalization rates of the nanocomplexes. Two GAMs with the same
collagen:alginate ratio and different stiffness, soft 1:2 and stiff 1:2 GAMs, were selected
to investigate this hypothesis. Transfection complexes were prepared with Cy5-labeled
pDNA and their localization within the cells was tracked by confocal microscopy, and
their amount was quantified by flow cytometry. As observed in Figure 3A and 3B, stiff
GAMs induced higher nanocomplex accumulation within the cells compared to soft
GAMs. Accordingly, flow cytometry analysis also showed a higher Mean Fluorescence
Intensity for bone marrow MSCs transfected within stiff GAMs (Fig. S12).
Further, analysis of the kinetics of transgene expression showed that stiff GAMs
maintained over time higher SOX9 expression than soft GAMs (Fig. 3C). This suggests
that the effects of GAM mechanics are maintained long-term, and consequently are an
important parameter for the design of GAMs.

3.3 Chondrogenic differentiation of aMSCs is enhanced by transfection of SOX9
within stiff GAMs
We next determined if GAM properties could also impact chondrogenic differentiation
induced by SOX9 overexpression. Given the influence of matrix mechanics on the
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modulation of cell phenotype, we first determined whether stiffness affects chondrogenic
differentiation. To this end, we encapsulated adipose MSCs within both stiff and soft 1:2
IPNs and subjected them to chondrogenic differentiation in the absence of SOX9
transfection. Additionally, in order to explore the effect of stiffness during SOX9 enforced
expression, we transfected the cells in 2D with SOX9 lipoplexes prior to loading within
soft and stiff IPNs and compared these Lipofected IPNs with the control (non-transfected)
IPNs. mRNA sequences were used for these differentiation experiments instead of
pDNA, due to their proven higher potency relative to pDNA.(Sahin, Karikó, and Türeci
2014)-(Warren et al. 2010)
As expected, SOX9-transfected MSCs showed higher levels of SOX9 mRNA expression
compared to control (non-transfected) cells (Fig. 4A) after encapsulation within IPNs.
However, this higher mRNA expression did not translate into a higher proportion of SOX9
positive cells as assessed by immunohistochemistry (Fig. 4B and C). Contrary to what
we expected, aggrecan (ACAN) expression was significantly decreased in SOX9transfected cells compared to control cells loaded within the IPNs (Fig. 4A and C),
suggesting that SOX9 upregulation prior to MSC encapsulation was not suitable for
inducing the expression of this ECM protein. Importantly, 2D transfection with SOX9
resulted in the downregulation of the hypertrophic marker collagen type-X at the protein
level, suggesting that SOX9 transfection could be a strategy to improve the quality of the
regenerated cartilage (Fig. 4B and C). Compared to soft IPNs, MSCs loaded within stiff
IPNs preserve a rounded morphology at the end of the chondrogenesis experiments
(Fig. S13), which makes it difficult to distinguish nuclear versus cytosolic staining of
SOX9, and peri-cellular versus cytosolic staining of aggrecan and collagen type-X.
Conversely, soft IPNs show a clear cytosolic staining for both ECM proteins, rather than
extracellular. These results are consistent with diffusion limitations of the nano-porous
alginate matrix, which are associated with peri-cellular matrix deposition (Loebel, Mauck,
and Burdick 2019; H. P. Lee et al. 2017).
Overall, our results did not show any clear effect of stiffness in the upregulation of
chondrogenic differentiation markers (Fig. 4). Accordingly, and considering the better
suitability of their mechanical properties relative to loads born by articular
cartilage,(Nathaniel, Mow, and Foster 1998; Hardin, Cobelli, and Santambrogio 2015)
we selected the stiff 1:2 IPNs to elaborate the GAMs for the chondrogenic differentiation
experiments.
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Figure 4. SOX9 2D transfection and subsequent encapsulation of adipose MSCs within the IPNs results in
the reduction of collagen type-X expression. (A) Gene expression of chondrogenic markers SOX9, aggrecan
(ACAN) and collagen type-X (COLX). Gene expression levels were measured by qRT-PCR, normalized to
GAPDH expression and compared to the levels in MSCs before encapsulation (One-way ANOVA, *P≤0.05,
**P≤0.01, ***P≤0.001, n=3). (B) Immunostaining for SOX9, aggrecan and collagen type-X in IPN
sections.Scale bar = 500 µm for all the images (C) Quantification of positive cells in immunostained sections
(One-way ANOVA, ****P≤0.0001, n =3). Soft designates MSCs encapsulated within soft 1:2 IPNs, Control
designates MSCs encapsulated within stiff 1:2 IPNs and Lipo designates MSCs transfected with SOX9 in
2D before encapsulation within stiff 1:2 IPNs. Data represent the mean ±SD. Control and Lipo designate the
IPNs loaded with non-transfected and transfected cells, respectively. See also figure S13 for lower
magnification immunohistochemistry images.
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We next evaluated the effect of GAM-mediated SOX9 transfection on the chondrogenic
differentiation of encapsulated MSCs. First, we confirmed that SOX9-mRNA-GAMs
induced a similar SOX9 expression profile as observed for SOX9-pDNA-GAMs (Fig.
S14). Next, adipose MSCs were loaded within stiff 1:2 GAMs (containing SOX9 mRNA
nanocomplexes) and stiff 1:2 control IPNs (without nanocomplexes) and subjected to 21
days of chondrogenic differentiation, after which cells were retrieved for assessment of
chondrogenic markers. As expected, SOX9-GAMs promoted a higher SOX9 gene
expression than control IPNs (Fig. 5A). Although gene expression of chondrogenic
marker aggrecan was not statistically higher compared to control IPNs, there was a
significant upregulation of collagen type-II (COL2A1) mRNA expression in MSCs
encapsulated within SOX9 GAMs (Fig. S15). Conversely, COL2A1 was not detected in
control IPNs. In agreement with the results obtained for the 2D transfection procedure,
the levels of the hypertrophic marker collagen type-X (COLX) were lower in MSCs within
SOX9-GAMs, both at the mRNA and protein level, which illustrates the role of SOX9
overexpression in controlling MSC hypertrophy (Fig. 5A and C). Importantly, no
reduction in aggrecan expression was observed in MSCs loaded within SOX9 GAMs,
(Fig. 5A), suggesting that the transfection of SOX9 within the matrices, might be more
suitable to induce the expression of this chondrogenic marker as compared to the 2D
transfection procedure.
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Figure 5. SOX9 3D transfection within the GAMs induces adipose MSC chondrogenic specification and
reduces premature hypertrophy. (A) Gene expression of chondrogenic markers SOX9, aggrecan (ACAN)
and collagen type-X (COLX). Gene expression levels were measured by qRT-PCR, normalized to GAPDH
expression and compared to the levels in MSCs before encapsulation (Unpaired two-tailed t test, *P≤0.05,
****P≤0.001, n=3). (B) Immunostaining for SOX9, aggrecan and collagen type-X in GAM sections at 40x
magnification. Scale bar = 20 µm for all the images. (C) Quantification of positive cells in immunostained
sections (Unpaired two-tailed t test, n =3, **P≤0.01). Control designates MSCs encapsulated within IPNs
and GAM designates MSCs encapsulated within IPNs loaded with SOX9 mRNA nanocomplexes (GAMs).
Data represent the mean ±SD. See also Figure S15.

4. Discussion

Our data indicate that both high hydrogel stiffness and adhesion ligand densities
(provided by higher collagen:alginate ratios) exert a positive effect on transgene
expression. This positive effect is consistent with a similar trend observed for
transfections performed in 2D and has been related to an increased cell proliferation
rate(Kong et al. 2005) and a more efficient vesicular transport mediated by the
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microtubular network.(Suh, Wirtz, and Hanes 2003; Dhaliwal, Oshita, and Segura 2013)
In our experiments, we observed a higher gene expression of cyclin D1, a cell cycle
regulator, within GAMs of higher stiffness and adhesion ligand density. In addition, our
data suggest that the increased transfection efficiency of stiff GAMs is related to a higher
cell uptake of the nanocomplexes. Although more studies are required to elucidate the
underlying mechanism, we anticipate that the endocytic pathway and subsequent
intracellular trafficking followed by the nanocomplexes are responsible for this positive
effect of stiffness, based on cytoskeletal dynamics.(Dhaliwal, Oshita, and Segura 2013)
These transfection results are distinct from previous reports of hyaluronic acid (HA)based hydrogels, where soft gels induced higher cell proliferation and transgene
expression levels than stiff gels.(Shiva, Talar, and Segura 2011) However, those studies
tuned hydrogel stiffness with polymer concentration and utilized covalent crosslinking by
Michael addition, which yields more elastic materials due to permanent covalent bonds,
compared to the reversible ionic crosslinking in our system.(H. P. Lee et al. 2017)
GAM-mediated SOX9 upregulation enhanced the expression of chondrogenic markers
aggrecan and collagen type-II compared to control matrices, and reduced premature
production of the hypertrophic marker collagen type-X.(Dy et al. 2012) Given that the
stability of mRNA inside the cell is known to be limited, particularly for non-modified
sequences (Sharova et al. 2009; Tew et al. 2009; Tew and Clegg 2011), SOX9
expression at the end of the chondrogenesis experiments is mostly plausibly driven by
endogenous upregulation. Indeed, this positive auto-regulation mechanism has been
described in the literature (Mead et al. 2013). Additionally, it has also been described
that TGF-β3 has a positive effect on the stabilization of SOX9 protein that may also
contribute to this feedback loop (Coricor and Serra 2016; Chavez et al. 2017).
Contrary to what we expected, the higher SOX9 gene expression levels observed in the
GAMs did not translate to a higher proportion of SOX9 positive cells compared to control
matrices, as detected by immunohistochemistry. Indeed, we observed a high fraction of
SOX9-positive cells in both matrices, with nearly all cell nuclei positively stained.
Considering that both conditions utilized chondrogenic induction media, it is reasonable
to think that this media itself,(Dahlin et al. 2014) together with the cues provided by the
hydrogel,(Jiang et al. 2018) is driving a sufficient SOX9 mRNA upregulation to result in
high levels of SOX9 protein expression that are difficult to discriminate by
semiquantitative immunohistochemistry analysis. This might be also related to the
positive auto-regulation mechanism of SOX9 mentioned previously, which may help
balance the endpoint SOX9 expression in both conditions after 21 days of chondrogenic
differentiation. Although endpoint SOX9 expression was similar between GAMs and
control matrices, we observed a significant downregulation of the hypertrophic marker
collagen type-X in GAMs compared to controls, which is consistent with previous findings
(Dy et al. 2012) and points to an earlier SOX9 upregulation in the GAMs. Given the
limitations of current cartilage engineering devices, the observed reduction in collagen
type-X is noteworthy, because tissue engineered cartilage usually presents an
inadequate balance of collagen type-II and collagen type-X, leading to a premature
hypertrophic cartilage of poor mechanical properties.(Huey, Hu, and Athanasiou 2012)
Conversely, we did not observe a significant increase in aggrecan expression in the
GAMs compared to the control matrices after 21 days of chondrogenesis, which may be
a consequence of the similar amount of SOX9 positive cells at this time point. In this
regard, it is worth mentioning that aggrecan expression was downregulated after
transfection of SOX9 in 2D, as opposed to the transfection occurring within the GAM.
This suggests that the direct transfection of MSCs in the 3D matrix confers an advantage
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over 2D cell transfection procedures, which is particularly interesting in tissue
engineering, since it allows for direct cell modification at the place of injury. Compared
to previous mRNA GAMs encoding growth factors, the use of transcription factors may
provide a higher potency and specificity for cell reprogramming and directed
differentiation (Makiko Iwafuchi-Doi and Kenneth S. Zaret 2014; Takahashi and
Yamanaka 2016; Liang et al. 2008; Graf and Enver 2009; Warren et al. 2010).
Additionally, the use of mRNA has been proven more efficacious than pDNA to encode
transcription factors for cell differentiation. (Warren et al. 2010; Mandal and Rossi 2013;
Guo et al. 2014; Aini et al. 2016). For these reasons, and considering their
biocompatibility (K. Y. Lee and Mooney 2012; Lin et al. 2019) and injectability(L. Wang
et al. 2012), we believe that the IPNs described in this work are promising devices that
could potentially simplify the application of cell reprogramming strategies in the clinical
setting. Due to the inconsistencies in autologous stem cell populations because of donorto-donor variability, we propose that these strategies would be better moved forward with
biobanked iPSCs(Trounson and DeWitt 2016; Lui et al. 2013; Tani 2015; Kyttälä et al.
2016).

5. Conclusions
The results in this study show that matrix stiffness and cell-adhesion ligand density are
key factors promoting gene delivery in collagen-I-alginate GAMs. These GAMs can be
activated with SOX9 and promote MSC chondrogenesis with low hypertrophy levels,
resulting in an improved chondrogenic marker expression compared to the
encapsulation of 2D transfected MSCs in control matrices. These results indicate that
matrix mechanics can be adjusted in order to design more efficient GAMs for in situ cell
reprogramming in tissue engineering.
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SUPPORTING INFORMATION
Supplementary methods
2D Lipofectamine® 2000 transfection
For 2D transfections, cells were plated in 96 well plates approximately 12 h prior to
transfection at a density of 90000 (U87MG) or 75000 (hMSCs) cells/cm2. Four hours
before transfection, media was changed to OptiMEM reduced serum medium (Gibco).
For transfections performed in the presence of alginate and CaCl2, both compounds were
diluted in OptiMEM at the desired final concentrations and added to the cells immediately
before transfection. Then, 50 µl of Lipofectamine complexes (Gibco), at 0.5:1
Lipofectamine:DNA/RNA ratios (µl:µg), were prepared in OptiMEM following
manufacturer’s instructions. Briefly, a solution containing 1 µg of mRNA/pDNA was
added over a solution containing 0.5 µl of Lipofectamine® 2000 reagent in a 1/1 v/v ratio,
mixed by pipetting up-down and incubated for 20 min at room temperature. Complexes
were added over the cells drop-by-drop and incubated for 6 hours. Subsequently,
complexes were aspirated and cells were maintained in regular growing media until
analysis. The transfection reaction was escalated for plates of higher surface areas.
Supporting figures

Table S1. List of TaqMan® assays employed for qRT-PCR experiments.

TaqMan assays (Applied Biosystems)
SOX9 (human)
Hs00165814_m1
ACAN (human)
Hs 00153936_m1
COL2A1 (human)
Hs00264051_m1
COL10A1 (human)
Hs00166657_m1
ACT B (human)
Hs99999903_m1
GAPDH (human)
Hs99999905_m1
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Figure S1. SOX9 plasmid used as template for SOX9 mRNA synthesis. Map shows the SOX9 coding
sequence (CDS) and relevant restriction sites.

Figure S2. Gating scheme for the evaluation of Cy5-pDNA association to MSCs. Soft control and stiff control
designate the cells recovered from the blank IPNs (no nanocomplexes). Soft GAM and stiff GAM designate
the cells recovered from the IPNs loaded with the nanocomplexes (GAMs).
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Figure S3. Negative controls in immunohistochemistry sections obtained from Stiff 1:2 IPNs by omitting the
primary antibodies. Scale bars = 100 µm and 500 µm for the original images and image insets, respectively.

Figure S4. Evolution of the storage modulus with time. Storage modulus at 0.5% strain and 1 Hz was
recorded periodically until it reached its equilibrium value. Curve inflections reflect the change in temperature
to 37°C for collagen crosslinking, and the addition of HBSS to avoid IPN dehydration. Data is representative
of at least three measurements for each condition.
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Figure S5. Strain and frequency sweeps of the IPN set. Frequency dependent rheology of soft (A) and stiff
(B) IPNs performed at 1% strain after gelation was completed. Strain sweep (1 Hz) of soft (D) and stiff (D)
IPNs. Data represent the mean ±SD.

Figure S6. Amount and distribution of collagen fibers within the IPN set. Collagen fiber alignment as
assessed by confocal reflectance microscopy. Scale bar = 100 µm for all the images (A). Mean fluorescence
intensity (MFI) quantification of A) (B). One-way ANOVA was performed to compare MFI levels (*P≤0.05).
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Figure S7. Quantification of timescale at which the stress is relaxed to half its original value, τ1/2, in stressrelaxation tests (shear stress 15% in 1 s) (One-way ANOVA, n=3, *P<0.05).

Figure S8. SOX9 expression after encapsulation of control bMSCs or 2D mRNA transfected bMSCs within
blank IPNs. SOX9 expression 48 h after encapsulation of control (non-transfected) bMSCs (A). SOX9
expression 24 h after encapsulation of bMSCs transfected with SOX9 mRNA in 2D (B). Gene expression
levels were normalized to GAPDH and compared to the levels in transfected bMSCs before encapsulation.
One-way ANOVA with a Tukey’s post-hoc multiple comparison test was performed to compare gene
expression levels between the IPNs (A) or the IPNs and transfected bMSCs before encapsulation (B). IPNs
are described by their stiffness and collagen:alginate w:w ratios (1:1 to 1:10).
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Figure S9. Location of Cy5-labeled pDNA complexes in cells retrieved from tissue culture plates after 2D
pDNA transfection. Transfection complexes were incubated with hMSCs for 4 h and media was changed
afterwards (t=0). Cells were cultured for 72 h and then retrieved by enzymatic separation and transferred to
a new plate. Images were taken one day after retrieval (t=1 d post-retrieval).

Figure S10. Alginate impairs 2D transfection and promotes the aggregation of the pDNA condensates within
the IPNs. (A) Effect of alginate and CaCl2 on 2D transfection. Fluorescence micrographs of 3T3 fibroblasts
72 h after YFP pDNA transfection with Lipofectamine® 2000 lipoplexes in the presence of increasing alginate
and CaCl2 concentrations compared to control (transfection in culture media). Scale bar = 100 µm for all the
images. (B) Distribution of labeled pDNA 3DFectIN® complexes within the IPNs and a control 0.5% w/v
collagen gel. Optical (top) and fluorescence (bottom) micrographs. Scale bar = 200 µm for all the images.
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Figure S11. Effect of collagen and ROCK inhibition on GAM transfection efficiency. hMSCs were transfected
with SOX9 pDNA within a 0.5% collagen gel or soft 1:1 IPN (Unpaired two tailed t-test, *P≤0.05, n=2) (A).
hMSCs were transfected with SOX9 pDNA within the IPNs in the absence or presence of Y-27632 (B). For
soft 1:2 IPNs, SOX9 expression was very similar with and without the ROCK inhibitor and only the Y-27632
point is visible.

Figure S12. Flow cytometry analysis of the Mean Fluorescence Intensity of MSCs encapsulated within soft
and stiff GAMs loaded with Cy5-labeled pDNA.
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Figure S13. Immunostaining of soft and stiff IPNs after 2D SOX9 transfection. Bright field image of adipose
MSCs loaded within soft and stiff IPNs after 21 days of chondrogenic induction (A). Scale bar = 50 µm for
all the images. Lower magnification images of the immunostaining sections of SOX9, aggrecan and collagen
type-X shown in Figure 4, indicating the location of the insets shown (B). Scale bar = 100 µm for all the
images.

Figure S14. SOX9 expression 24 h after bMSC encapsulation within mRNA-GAMs. Gene expression levels
were measured by qRT-PCR, normalized to GAPDH expression and compared to the levels in bMSCs
before encapsulation. One-way ANOVA was performed to compare gene expression levels (**P≤0.01;
***P≤0.001; ****P≤0.0001) (n=3). Data represent the mean ± SD.
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Figure S15. Gene expression of collagen type-2 after MSC encapsulation within SOX9-GAMs. One-way
ANOVA was performed to compare gene expression levels (P≤0.0001) (n=3). Data represent the mean ±SD.
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